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013.05.0Abstractz In the present computational ﬂuid dynamics (CFD) community, post-processing is
regarded as a procedure to view parameter distribution, detect characteristic structure and reveal
physical mechanism of ﬂuid ﬂow based on computational or experimental results. Field plots by
contours, iso-surfaces, streamlines, vectors and others are traditional post-processing techniques.
While the shock wave, as one important and critical ﬂow structure in many aerodynamic problems,
can hardly be detected or distinguished in a direct way using these traditional methods, due to pos-
sible confusions with other similar discontinuous ﬂow structures like slip line, contact discontinuity,
etc. Therefore, method for automatic detection of shock wave in post-processing is of great impor-
tance for both academic research and engineering applications. In this paper, the current status of
methodologies developed for shock wave detection and implementations in post-processing plat-
form are reviewed, as well as discussions on advantages and limitations of the existing methods
and proposals for further studies of shock wave detection method. We also develop an advanced
post-processing software, with improved shock detection.
ª 2013 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
Shock wave is important in aerodynamics. From a physical
point of view, shock wave is a curved or plane discontinuous
ﬂow structure. In practical applications, shock wave can be
beneﬁcial or not. On the one hand, shock wave may be harm-
ful. For high subsonic or low supersonic ﬂight, the shock wave62784116.
edu.cn (Z. Wu), davidhull@
orial Committee of CJA.
g by Elsevier
ng by Elsevier Ltd. on behalf of C
01can give rise to large wave drag which acts adverse effect on
aircraft performance.1 For hypersonic ﬂight, once the shock
impinges on a body surface, strong boundary layer separation
and severe peak heating2–3 can be induced which is harmful to
vehicle structure. On the other hand, shock wave may be
favorable. For example, shock wave is used for increasing
pressure for an airbreathing scramjet engine and generating lift
through the wave rider conﬁguration.
Due to the signiﬁcant importance of the shock wave, there
is an increasing demand for detection of shock waves from
measured or computed ﬂuid ﬂow results. Traditional manipu-
lations of ﬂow solutions, like plotting contour, iso-surface,
streamlines or vectors, cannot detect the shock wave accurately
and directly. Methods developed for automatic detection of
shock wave in post-processing are thus of great importance
for both academic research and engineering applications.4–26SAA & BUAA. Open access under CC BY-NC-ND license.
502 Z. Wu et al.In this paper, we give a review on the current status of
methods developed for shock wave detection and implemen-
tations in post-processing platform. In Section 2, the shock
wave phenomenon, importance of shock waves, basic shock
relations and special shock properties are brieﬂy discussed.
The existing methods for shock wave detection are classiﬁed
and described with their applications in Section 3. Imple-
mentations of these methods in post-processing softwares
are presented in Section 4. Conclusion and issues needing
further studies are given in Section 5.
2. Shock wave in aerodynamic ﬂows
2.1. Shock wave phenomenon
Shock waves can be generally classiﬁed into four categories:
(1) Attached shock wave, e.g. when a supersonic ﬂow
encounters an inward corner (see Fig. 1(a) and (b)).
(2) Detached shock wave, e.g. for a supersonic ﬂow past a
blunt body (see Fig. 2(c) and (d)).
(3) Recompression shock wave, generated to adjust to far
ﬁeld pressure, e.g. for a transonic ﬂow past the upper
surface of an airfoil (see Fig. 2) or for a supersonic noz-
zle ﬂow with high back pressure. (a) Schematic of attached shock wave            (b) Sh
(c) Schematic of detached shock wave (d) Deta
Fig. 1 Schematic of attached shock(4) Secondary induced shock wave, due to e.g. shock reﬂec-
tion (see Fig. 3), shock–shock interaction (see Fig. 4(a
and b)), shock-wave/boundary-layer interaction (see
Fig. 4(c)), lateral jet ﬂow interaction (see Fig. 4(d)), etc.
Fig. 5 shows some typical examples with shock/boundary-
layer interactions in the vicinity of a high-speed vehicle. Shock
waves can also be generated due to explosion, combustion or
lightning strike, in which local high-pressure region may ap-
pear and lead to strong shock waves moving at supersonic
speed.
2.2. Importance of shock waves
The inﬂuences of shock wave on aerodynamic ﬂow include:
(1) Causing loss of total pressure, which may be a concern
related to scramjet engine performance.
(2) Providing lift for wave-rider conﬁguration, as the obli-
que shock wave at lower surface of the vehicle can pro-
duce high pressure to generate lift.
(3) Leading to wave drag of high-speed vehicle which is
unbeneﬁcial to vehicle performance. Shock wave
induced drag can be decomposed from total drag
through shock wave detection.15         ock wave attached to X15 at Mach number 3.5[27]
ched bow shock around Mercury Spacecraft [28]
waves and detached shock waves.
(a) Schematic illustration (b) Recompression shock of a F/A-18C Hornet breaking sonic barrier [29]
Fig. 2 Recompression shock waves.
(a) Schematic illustration of regular reflection (b) Schematic illustration of Mach reflection 
(c) Shock waves and reflections in supersonic ramjet [30]
Fig. 3 Shock reﬂection.
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Type IV shock–shock interference could yield a 17 times
heating increase at vehicle surface.33–35
(5) Interacting with other structures, such as boundary lay-
ers, to produce new ﬂow structures such as ﬂow separa-
tion, transition, etc.
Therefore, it is of signiﬁcant importance to develop accu-
rate methods for shock wave detection to capture its effects
from computational solutions.
2.3. Shock wave relations
For a single oblique shock under assumption of calorically
perfect gas, the pre-shock and post-shock ﬂow parameters sat-
isfy the well-known oblique-shock relations1
Ma22 ¼
Ma21 þ 2c1
2c
c1Ma
2
1 sin
2 b 1þ
Ma21 cos
2 b
c1
2
Ma21 sin
2 bþ 1 ¼ fðMa1; bÞ ð1Þ
p2
p1
¼ 1þ 2c
cþ 1 ðMa
2
1 sin
2 b 1Þ ¼ gðMa1; bÞ ð2Þq2
q1
¼
cþ1
2
Ma21 sin
2 b
1þ c1
2
Ma21 sin
2 b
¼ hðMa1; bÞ ð3Þ
where Ma is the Mach number, p the pressure, q the density, c
the speciﬁc heat ratio of gas, b the shock angle (equal to p=2
for normal shock); subscript 1 and 2 indicate pre-shock and
post-shock parameters, respectively. Relations for other ﬂow
parameters (e.g. temperature, sonic speed, entropy) across ob-
lique shock wave can be found in classical textbooks for com-
pressible gas dynamics.1
In the case of multiple shock waves with an intersection
point, for example, an intersection point will occur in shock
reﬂection and shock–shock interaction, the above shock rela-
tions (Eqs. (1)–(3)) still hold across each shock wave. But sup-
plementary relation is also needed. Consider for instance the
case of shock reﬂection (see Fig. 6), it is well-known that reg-
ular reﬂection and Mach reﬂection are possible solutions.36 In
the case of regular reﬂection, two-shock structure is formed as
incident shock (i) and reﬂected shock (r), as well as three uni-
form ﬂow regions (0)–(2), as displayed in Fig. 6(a). The rela-
tions for incident shock (i) are
Ma21 ¼ fðMa0; b1Þ
p1=p0 ¼ gðMa0; b1Þ
q1=q0 ¼ hðMa0; b1Þ
8><
>: ð4Þ
[31](a) Shock-shock interaction schematic illustration (b) Type IV shock-shock interaction
(c) Schematic of shock/boundary-layer interaction (d) Schematic of lateral jet flow interaction 
Fig. 4 Secondary induced shock waves.
(a) Interactions in the vicinity of a high-speed vehicle (b) Interactions in the vicinity of a scramjet
Fig. 5 Examples of shock/boundary-layer interactions.32
(a) Regular reflection (b) Mach regular reflection 
Fig. 6 Schematic illustration of shock wave reﬂection.
504 Z. Wu et al.and those for reﬂected shock (r) are
Ma22 ¼ fðMa1; b2Þ
p2=p1 ¼ gðMa1; b2Þ
q2=q1 ¼ hðMa1; b2Þ
8><
>: ð5Þ
The supplementary relation is a geometrical constraint that
the ﬂow after the reﬂected shock should be parallel to symmet-
ric plane,h1 ¼ h2 ð6Þ
where h is the angle between ﬂow and horizontal direction.
By combining Eqs. (4)–(6), ﬂow parameters in regions (1)
and (2) can be determined.
In the case of Mach reﬂection, the incident shock (i), the re-
ﬂected shock (r) and the Mach stem (m) form a three-shock
structure, also with four uniform ﬂow regions (0–3), as shown
in Fig. 6(b). At the triple point (T), the shock relations Eqs.
Review of shock wave detection method in CFD post-processing 505(1)–(3) are applied across the incident shock (i) for weak solu-
tion, the reﬂected shock (r) for weak or strong solution
depending on Ma2 < 1 or not, and the Mach stem (m) for
strong solution. The pressure across the slip line is continuous
as p2 ¼ p3. The ﬂow deviation angles satisfy h3 ¼ h1  h2 for
standard three-shock conﬁguration and h3 ¼ h1 þ h2 for non-
standard one.36
For shock–shock interaction, similar to shock reﬂection,
across each shock wave the oblique shock relations Eqs. (1)–
(3) still hold. Also supplementary relations are needed.37
2.4. Special properties of shock wave
Here we list some well-known special properties of shock
waves:
(1) The width of shock wave is in a magnitude of the local
mean free path of ﬂuid particles, so the shock wave can
be regarded as a sharp discontinuity in common aerody-
namic ﬂow.
(2) Across shock wave streamwisely, the pressure, density,
temperature and entropy all increase.
(3) Across shock wave streamwisely, the Mach number,
velocity and normal velocity component and total pres-
sure decrease.
(4) Across shock wave streamwisely, total temperature and
tangential velocity component remain unchanged for
calorically perfect gas.(a) Mach number contour (b) Pressure contour
Fig. 7 Contour concentratio
(a) Computed with first-order Godunov’s method (b) Com
Fig. 8 Solution of Sod prob(5) Differences with other discontinuities. There exist some
other discontinuities in ﬂuid ﬂow than the shock wave.
The slip surface (3D) or slip line (2D) is a plane across
which the tangent velocity is discontinuous, while pres-
sure and normal velocity are continuous. Across the
contact discontinuity, the pressure and velocity are con-
tinuous and the density is discontinuous.
(6) Concentration of contour lines. As a discontinuity in the
ﬂow ﬁeld, the contour line of Mach number, pressure,
density, temperature all concentrate near the shock wave
(see Fig. 7). For slip plane and contact discontinuity,
pressure contour lines do not concentrate.
(7) Numerical solution of shock wave. In numerical solu-
tions of ﬂuid ﬂow with discontinuities (shock wave, con-
tact discontinuity or slip line) by the shock-capturing
method, the shock wave can be smoothed by low-order
scheme or there are spurious oscillations near shock sur-
face by high-order scheme,38 as shown in Fig. 8, where
solid lines represent analytical solution, and dotted lines
represent computed result. In the classical boundary
shock-ﬁtting method,39 shock wave must be introduced
explicitly as outer ﬂow boundary, which depends on
experimental, theoretical or numerical-based knowledge
on shock shape and location. While in the ﬂoating
shock-ﬁtting method proposed by Moretti,40 shock
waves are detected through Rankine–Hugoniot jump
condition and the method of characteristics, which
may be applicable to shock detection in post-processing.(c) Density contour (d) Temperature contour
n examples at Ma1 ¼ 5.
puted with second-order two-step Lax-Wendroff method[38]
lem for Euler equations.
(a) Pressure contour (b) Mach number contour 
(c) Density contour (d) Temperature contour
Fig. 9 Different contour concentrations for shock wave and shear layer at Ma1 ¼ 3:5.
Fig. 10 Iso-surface of Mach number 8.79 of X43 at Ma1 ¼ 8:8.
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3.1. Difﬁculties for shock wave detection
Due to special properties of shock waves as discussed in Sec-
tion 2.4, there exist several difﬁculties for shock detection from
CFD result:
(1) The numerical dissipation and oscillation in CFD may
cause some shock waves to be undetected. The numeri-
cal dissipation smears the discontinuity in the ﬂow ﬁeld,
and makes weak shock waves undetectable.
(2) The numerical oscillation produces structures similar to
weak shock waves just near real shock wave, and thus
may lead to false detection results.
(3) The similarity among shock waves and other discontin-
uous ﬂow structures like slip lines can lead to incorrect
detection results.
(4) The graphical display of shock detection result is also a
problem for three-dimensional andmultiple shock waves.
3.2. Traditional shock detection methods
Traditionally, through the contour lines one may detect shock
waves since near shock waves the contour lines are concen-
trated. While pressure, density, temperature and Mach number
contour lines all concentrate near shock waves, only pressure
contour is recommended for shock detection (see Fig. 9(a)), be-
cause the others cannot distinguish shock wave from slip line,
shear layer or contact discontinuity (see Fig. 9(b–d)). However,
it is still difﬁcult to get a clear view of the shock wave structure
from pressure contour. Also contour method cannot give a di-
rect way to display shock surfaces in three-dimensional ﬂowﬁeld. These disadvantages highly restrict the use of this con-
tour shock detection method.
Another traditional shock detection method is to plot the
iso-surface of Mach number. It is convenient to approximate
the shock surface around the vehicle by displaying a Mach
number iso-surface just a little lower than the freestream Mach
number. This method can yield a full shock wave surface in
three-dimensional ﬂow ﬁeld. However, it may produce too
many surfaces other than desired shock wave surfaces, and be-
come helpless to detect shock wave except the leading shock
wave (see Fig. 10).
3.3. Advanced methods for shock detection
In recent years, several advanced shock detection methods
have been developed, as classiﬁed in Table 1. In this subsec-
tion, we will give a comprehensive description over them.
3.3.1. Method based on ﬂow property gradient
Shock wave is a discontinuity as a high gradient of ﬂow prop-
erties. Pagendarm and Seitz6 proposed a shock detection meth-
od based on searching the maxima of the density gradient. The
Fig. 11 A shock wave around an aircraft.6
Table 1 Advanced shock wave detection methods.
Method Proposer Formulation Property
Density gradient
maxima
Pagendarm and
Seitz6
Iso-surface: d
2q
dn2
¼ $ $q  VjVj
 
 VjVj ¼ 0
Filter: dqdn ¼ $q  VjVj > e
(a) Generate shock surface corresponding to
the density gradient maxima
(b) May produce false or incomplete result
(c) Need ﬁltering
Normal Mach
number
Lovely and Haimes7 Iso-surface: Man ¼ Ma$pj$pj ¼ V$paj$pj ¼ 1
Filter:j$pnjj$pj 6 c; j$pjP j$pjg ¼ gj$pjmax
(a) Easy to implement
(b) Generate a region containing the shock wave
(c) May produce false or incomplete result
(d) Need ﬁltering
Characteristics Kanamori and
Suzuki10
Calculate characteristic line of
ð
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ma2  1
p
cos h sin hÞ=Ma
ð
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ma2  1
p
sin h cos hÞ=Ma
" #
¼ Axþ b
Filter: ððManÞL  1ÞððManÞR  1Þ < 0
(a) Lots of calculation effort.
(b) Can yield good detection result.
(c) Hard to get shock surface in 3D ﬂow ﬁeld.
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direction of velocity.
dq
dn
¼ $q  VjVj
d2q
dn2
¼ $ $q  VjVj
 
 VjVj
8<
: ð7Þ
where dq
dn
and d
2q
dn2
are the ﬁrst and second derivatives of density
in the direction of velocity, respectively.
The iso-surface of d2q=dn2 ¼ 0 corresponds to the maxima
or minima of streamwise density gradient. dq=dn is used as the
ﬁltering variable. Condition dq=dn > 0 corresponds to shock
wave, while dq=dn < 0 corresponds to expansion wave. How-
ever, d2q=dn2 ¼ 0; dq=dn > 0 is also satisﬁed in some smooth
ﬂow regions. Then the ﬁlter should be designed as
dq=dn > e. The ﬁltering value e should be large enough to re-
move incorrect result in smooth ﬂow regions, and on the other
hand e should be small enough to keep weak shock waves
unﬁltered. Therefore, a reasonable ﬁltering value e is very dif-
ﬁcult to determine. A example of shock wave detected by Pag-
endarm’s method is shown in Fig. 11.
3.3.2. Method based on normal Mach number
As we know, a general oblique shock wave can be regarded as
a normal shock wave superimposed on a uniform ﬂow. The
ﬂow properties before and after the oblique shock wave in nor-
mal direction satisfy normal shock relations. The normal direc-
tion of shock wave is perpendicular to local pressure gradient,
and thus normal Mach number can be obtained from pressure
distribution and the iso-surface of unity normal Mach number
represents detected shock wave surface, which is the method of
shock detection based on normal Mach number proposed by
Lovely and Haimes.7The mathematical formulation for stationary shock wave
detection based on normal Mach number Man is
Man ¼Ma  $pj$pj ¼
V  $p
aj$pj ¼ 1 ð8Þ
whereMa is Mach number vector in the direction of local ﬂow
velocity V, a local sonic speed.
For transient shock detection, the movement of shock wave
must be taken into consideration, and the condition becomes
1
j$pj 
1
a
Dp
Dt
¼ 1j$pj 
1
a
 dp
dt
þMa  $pj$pj ¼ 1 ð9Þ
where dp=dt is the time derivative of pressure, which can be
calculated based on the spatial variation of state variables as
dp
dt
¼ c 1
c
$  ðqVHÞ  V  ð$pþ $qVVÞ  1
2
V2$  ðqVÞ
 
ð10Þ
where H is static enthalpy. See Lovely and Haimes7 for the de-
tailed derivation of Eqs. (9) and (10).
In practical application, the normal Mach number is calcu-
lated through velocity projection along pressure gradient direc-
tion. Due to numerical error of the interpolation scheme, small
and undirected pressure gradient may be calculated in uniform
ﬂow region, leading to a random Man distribution and false
shock wave detection. Filtering is a common strategy to avoid
such pseudo-shock. Usually, ﬁltering factor c and g are intro-
duced in ﬁltering method, and local pressure gradient satisfying
j$pnj
j$pj 6 c
j$pjP j$pjg ¼ gj$pjmax
(
ð11Þ
is retained, in which n is the unit normal vector of detected
shock surface. Examples of shock waves detected by this meth-
od are shown in Fig. 12.
However, some new problems arise with the introduction
of ﬁltering factors. If ﬁltering factors are too small, false
shock wave structures may be detected. While if ﬁltering fac-
tors are too large, weak shock wave may be ﬁltered out and
detected one is not complete. In other words, there exists
unavoidable uncertainty of the normal Mach number based
method applied to complex ﬂows. The advantages of this
method lie in simplicity of mathematical formulation, easy
understanding of physical meaning and convenience for
implementation.
(a) (c) Transient algorithm with(b) Transient algorithm without filtering  Stationary algorithm on converged solution p∇ filtering
Fig. 12 Shock detection result of F18 aircraft.7
Fig. 13 Deﬁnition of the characteristics in three-dimensional
10
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Kanamori and Suzuki10 proposed a shock detection method
based on characteristics. Here a short description of this meth-
od is given for shock detection in both steady two-dimensional
and three-dimensional ﬂow.
For two-dimensional ﬂow, supersonic and subsonic regions
are treated separately. Calculation procedures for supersonic
region are
(1) Calculate characteristic vector fðxÞ at each grid vertex
ﬂow.fðxÞ ¼ dx
ds
¼ ð
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ma2  1
p
cos h sin hÞ=Ma
ð
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ma2  1
p
sin h cos hÞ=Ma
" #
ð12Þ
(2) Construct triangle element using three neighboring ver-
texes, and calculatefðxÞ ¼ Axþ b ð13Þ
(3) Compute characteristic line of Eq. (13), and judge
whether the shock-crossing condition (equivalent to
entropy condition or Lax condition) is satisﬁed asððManÞL  1ÞððManÞR  1Þ < 0 ð14Þ
in which vertex L is the farthest from the characteristic line, R
is the symmetric point of vertex L with respect to the charac-
teristic line, on which the ﬂow properties are interpolated from
other three vertexes.
(4) If the Eq. (14) is satisﬁed, then this critical line is shock
wave.
Because there is no characteristic line in subsonic region,
different procedures were proposed by Kanamori and Suzuki10
as follows.(5) Calculate new velocities V1 and V2 asV1 ¼ V=2þ a
V2 ¼ V=2 a

ð15Þ
where vector a is perpendicular to V and has length equal to
local sound speed.
(6) Calculate fðxÞ for V1 and V2 in a similar way of Eq. (12),
and retain two of four obtained characteristic vectors
which are in opposite direction of ﬂow velocity V.
(7) Follow the same procedures of (2) to (4) in supersonic
case.
In three-dimensional ﬂow, there are inﬁnite characteristic
lines at one point while only two lines are required for shockdetection. Kanamori and Suzuki10 deﬁned plane of motion
(see Fig. 13) as a local region where streamlines can be re-
garded as plane curves. The characteristic vectors are obtained
by the intersections between Mach cone and the plane of mo-
tion. Characteristic vector Ci is deﬁned as
Ci ¼ U cos l a sinl ð16Þ
where U and a denote unit vectors parallel and normal to
streamline, and l is Mach angle, as
U ¼ V=jVj
a ¼ ðdV=dsÞ=jdV=dsj
dV=ds ¼ dðAxþ bÞ=ds ¼ AðAxþ bÞ
l ¼ arcsinð1=MaÞ
8>><
>>:
ð17Þ
The main procedures for shock detection in three-dimen-
sional ﬂow is
(8) Construct triangular element through three neighboring
grid vertexes, interpolate velocity linearly as V ¼ Axþ b
and obtain A and b.
(9) Calculate characteristic vectors according to Eq. (15).
(10) Construct linear interpolation of Ci and obtain critical
surface.
(11) If the critical surface satisﬁes shock-crossing condition
Eq. (14), the critical surface is detected as shock wave
surface.
Furthermore, Kanamori and Suzuki11 extended their meth-
od to unsteady ﬂow, in which pre- and post-shock regions may
be subsonic if a shock is moving at supersonic speed. They sim-
ply chose a ‘shock-ﬁxed’ coordinate moving with the shock,
then the method for steady ﬂow can be used.
In Fig. 14, two-dimensional shock detection applications
based on characteristics are given10, such as supersonic ﬂow
past a sphere-cone, transonic ﬂow around an airfoil and
supersonic ﬂow past a double wedge, showing excellent shock
detection performance. In Fig. 15, three-dimensional shock
wave surfaces are detected for supersonic ﬂow past a sphere-
cone and supersonic viscous ﬂow around a delta wing.10
Fig. 14 Two-dimensional shock detection results.10
Fig. 15 Three-dimensional shock detection results.10
Table 2 Comparisons of some popular CFD post-processing softwares for shock detection.
Software Property Method for shock
detection
Filter
Tecplot A general post-processing tool, widely
used
Normal Mach
number7
None (can be done
manually)
EnSight A general and powerful post-processing
tool, complicated to use
Gradient maxima6
Normal Mach
number7
Multiple gradient-
based ﬁlters
ANSYS CFD-Post Special post-processing for ANSYS CFX
and Fluent
None None
ESI CFD-VIEW Special post-processing for ESI CFD-
ACE and CFD-FASTRAN
None None
Advanced Post (by
present authors)
A post-processing tool for general CFD
solutions, easy to use
Normal Mach
number7
Multiple ﬁlters, easy
handling
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Fig. 17 Shock detection result with other structures for a
capsule.13
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4.1. Shock wave detection methods implemented in CFD post-
processing software
Shock wave detection methods have been implemented in
some popular commercial or open-source CFD post-process-
ing software, and Table 2 gives comparisons of some popular
ones focusing on shock detection capabilities.
Tecplot is a famous post-processing software developed by
Tecplot, Inc. It has implemented normal Mach number algo-
rithm of Lovely and Haimes7 to detect shock structures. How-
ever, the detection result is not ﬁltered, so it may contain false
outcomes. Users can do the ﬁltering by calculating ﬁlter vari-
ables, pressure gradient magnitude for example, and then ap-
ply data value blanking to shock surfaces to get a ﬁltered
result. Tecplot’s powerful scripting functions allow users to
implement almost any shock detection algorithm.
The powerful post-processing software EnSight implements
two shock detection algorithms: one (the Surface method of
EnSight) is based on Pagendarm and Seitz6 algorithm, and
the other (the Region method of EnSight) is based on Lovely
and Haimes7 algorithm. Both algorithms need threshold vari-
ables to ﬁlter the result. The algorithms guess a threshold to
obtain initial results, and provide user-controllable ﬁltering
thresholds. Through command line more commands can be
used to ﬁlter the ﬂow ﬁeld before/after the detection of shock
waves.
4.2. Applications of shock wave detection
Watanabe et al.14 used the shock detection method of Lovely
and Haimes7 in aerodynamic shape optimization of a near-so-
nic passenger plane (see Fig. 16).
Ito et al.13 used the shock detection method of Lovely and
Haimes7 in mesh reﬁning. They applied shock detection meth-
od to an initial CFD result to ﬁnd the location of shock waves,
and then reﬁne the mesh near the shock wave to get a better
result. They applied a least square ﬁtting method to get esti-
mated shock waves, however this method only ﬁts shock wave
with simple shape (see Fig. 17).
Yamazaki et al. 15 used the shock detection method Lovely
and Haimes7 in drag decomposition. They used this method to
get a region surrounding the shockwave to integrate the wave
drag component.Fig. 16 Shock proﬁle of a ne4.3. A new implementation of shock wave detection
The normal Mach number-based shock detection method7 has
been implemented in an advanced post-processing software for
CFD by present authors, and user interactive ﬁlter is
adjustable through the interface (see Fig. 18). In this software,
we implemented two new ﬁlters which provide improved
results.
The normal Mach number Man is calculated at each grid
vertex. Then shock surface is generated by iso-surfaces of
Man ¼ 1, as in Figs. 19(a) and 20. Contour lines of Man ¼ 1
can also be generated on a speciﬁc plane to show shock waves
sections, as in Figs. 19(b) and 21.
In uniform ﬂow region, the CFD results may contain small
pressure gradient due to numerical errors. As we use the
normalized pressure gradient vector in Eq. (7), it may result
in a random distribution ofMan as in Fig. 22(a). Thus without
ﬁltering, the shock detection may result in countless false re-
sults even in uniform ﬂow regions (see Fig. 22(b)).
Two new ﬁltering criteria are used to ﬁlter the detected re-
sults. The ﬁrst criteria remove false result related to numerical
errors and smooth ﬂow regions. This criterion removes all
shock surfaces that do not satisfy Eq. (18), where e is a positive
ﬁltering threshold, pabsolute absolute pressure and ln the local
mesh size in the $p direction. Compared to the original ﬁlter
j$pjP j$pjg ¼ gj$pjmax, this ﬁlter takes account of the local
mesh size and pressure, thus it can yield better result in com-
plex ﬂow. The ﬁltering threshold e should be chosen according
to the CFD solution, and we suggest an initial value of 0.001.
Applying this criterion leads to reasonable shock detection re-
sult (see Fig. 22(c)).ar-sonic passenger plane.14
Fig. 18 User interface of shock detection in Advanced Post.
(a) Shock surface 
(b) Shock on symmetry plane 
Fig. 19 Shock detection results of a scramjet inlet at Ma1 ¼ 6.
Fig. 20 Shock detection result of X-43A at Ma1 ¼ 8:9 and
a ¼ 3:6.
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The second criterion is based on a simple fact that the ﬂow
velocity before the shock is larger than that behind the shock,
as(a) 0.80Ma
∞
= (b) Ma
Fig. 21 Shock detection result of aV  $jVj < 0 ð19Þ
This ﬁlter removes the upstream part of shock region, leav-
ing shock surface as shown in Fig. 23.
5. Conclusions
In this paper, the shock wave detection methods for aerody-
namic ﬂows are reviewed and discussed. Below are the
conclusions:
(1) As one typical form of discontinuities in ﬂuid ﬂow, the
shock wave plays an important role in many aeronautic
and astronautic applications. The demand for detecting
shock waves automatically from measured or computed
results is increasing more and more. Some special prop-
erties of shock wave than other discontinuities could be
adopted to accomplish this task.
(2) There exist several difﬁculties for shock detection from
CFD result. The numerical dissipation and oscillation
in CFD solutions cause some shock waves to be unde-
tected. The similarities among shock waves and other
discontinuities like slip lines may lead to false detection
results. The graphical display of shock detection result is
also a problem for some methods.0.85
∞
= (c) 0.90Ma
∞
=
n NACA 0012 airfoil at a ¼ 0.
(a) No filtering (b) Filtering by Eq. (10) 
Fig. 23 Shock detection results of NACA 0012 at Ma1 ¼ 0:9
and a ¼ 0.
(a) Isoline of 
n 1Ma = on the symmetry plane (b) Shock detection result without filtering (c) Shock detection result with filtering      
of pressure gradient, 0.001ε =
Fig. 22 Shock detection of leading edge shockwave at Ma1 ¼ 6.
512 Z. Wu et al.(3) Traditional method based on concentration of contour
lines is highly dependent of graphical display and expert
experience. And traditional method based on iso-surface
of Mach number cannot detect shock waves other than
the leading shock.
(4) Current advanced shock detection methods can be clas-
siﬁed into gradient maxima-based methods, normal
Mach number-based methods and characteristics-based
methods. The method based on gradient maxima is easy
to understand, but proper ﬁlters must be designed to
remove false results. The method based on normal Mach
number makes use of a simple fact that the normal
Mach number at the shock surface equals unity ideally.
This kind of method can be implemented quite easily in
post-processing but may yield incomplete or wrong out-
comes. The method based on characteristics is very
impressive for effectiveness and accuracy in shock wave
detection. However, its implementation is much more
complicated than the normal Mach number-based
method.
(5) There are several post-processing commercial tools,
including Tecplot, EnSight, ANSYS CFD-Post, ESI
CFD-View, etc. In Tecplot, the normal Mach number-
based shock detection method is implemented, despite
that the ﬁltering must be manually applied. In EnSight,
both normal Mach number-based method and gradientmaxima-based method with multiple gradient based ﬁl-
ters are implemented. The normal Mach number-based
shock detection method has been embedded in the
advanced CFD post-processing software (Advanced
Post) by present authors, where we implemented two
new and more efﬁcient ﬁlters. These two new ﬁlters take
account of local mesh size and pressure, and detect
shock surfaces instead of shock regions.
(6) Some aspects of shock wave detection need further stud-
ies. Implementation of transient shock wave detection is
rarely seen in literature. The detection of very weak
shock waves is still a difﬁcult task. The present methods
may all fail to produce satisfying results using a roughly
computed CFD solution. Even with well-reﬁned mesh
and well-converged CFD solution, the detected shock
surface may still have some holes and gaps, especially
at shock intersection points. In the case of rareﬁed ﬂow,
the width of shock wave is proportional to the molecular
mean free path which is much larger than that in contin-
uum ﬂow. The shock wave may have a width with the
same size as the vehicle, thus cannot be regarded as a
discontinuity anymore, and current shock detection
methods may all fail. More work is needed to overcome
these difﬁculties.Acknowledgement
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